The direct synthesis of hydrogen peroxide using supported gold palladium catalysts prepared by incipient wetness impregnation is described and discussed. The effect of an acid pre-treatment step on the activated carbon support prior to the deposition of the metals, together with the effect of the calcination temperature, has been investigated. The acid pre-treated samples all show superior activity to those materials prepared with the omission of this acid pre-treatment stage. The calcination temperature affects both the re-usability and hydrogenation activity of the catalysts. Detailed characterisation using X-ray photoelectron spectroscopy and aberration-corrected scanning transmission electron microscopy is described. The enhanced activity is associated with a higher surface concentration of palladium in the acid pre-treated samples which is principally present as Pd
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The direct synthesis of hydrogen peroxide using supported gold palladium catalysts prepared by incipient wetness impregnation is described and discussed. The effect of an acid pre-treatment step on the activated carbon support prior to the deposition of the metals, together with the effect of the calcination temperature, has been investigated. The acid pre-treated samples all show superior activity to those materials prepared with the omission of this acid pre-treatment stage. The calcination temperature affects both the re-usability and hydrogenation activity of the catalysts. Detailed characterisation using X-ray photoelectron spectroscopy and aberration-corrected scanning transmission electron microscopy is described. The enhanced activity is associated with a higher surface concentration of palladium in the acid pre-treated samples which is principally present as Pd 2+ . Calcination of the catalysts at 400°C is required to achieve re-usable and stable catalysts, and this is associated with the morphology and dispersion of the metal nanoparticles. The surface ratio of Pd 0 /Pd 2+ is found to be an important factor controlling the hydrogenation of hydrogen peroxide, and a series of controlled reduction and re-oxidation of a sample show how the Pd 0 /Pd 2+ surface ratio can influence the relative rates of hydrogen peroxide synthesis and hydrogenation. Ó 2012 Elsevier Inc. All rights reserved.
Introduction
Hydrogen peroxide is a valuable commodity chemical with a vast range of applications; of the more than 3 million tonnes of hydrogen peroxide produced annually, some 60% is used for the bleaching of wood and textiles [1] . In terms of oxidation chemistry, hydrogen peroxide has a very high active oxygen content, as well as an oxidation potential greater than that of KMnO 4 and Cl 2 . Coupled with its inherently benign nature (H 2 O being produced as the only side product) and the observation that it produces activated oxygen species under milder conditions than di-oxygen, H 2 O 2 is an ideal oxidant for the production of bulk chemicals. By far the great majority of H 2 O 2 is produced by an indirect process in which H 2 and O 2 are reacted separately and safely with an alkyl anthraquinone as a molecular vector for hydrogen [2, 3] . The anthraquinone is sequentially hydrogenated and oxidised to yield H 2 O 2 . This process is economic only on a large scale and consequently produces concentrated H 2 O 2 (up to 70 vol%), which is then transported to its point of use. Furthermore, although the process has been improved over many decades of operation, it is still not completely efficient, which provides an opportunity for a new technology to be developed that can be used particularly for small-scale synthesis of H 2 O 2 solutions at the dilution levels at which they are typically employed. The direct synthesis of hydrogen peroxide from molecular hydrogen and oxygen presents an attractive alternative to the current industrial process, and much work has been focussed on the formulation of catalysts that are both active and selective for this reaction.
For a catalyst to be viable for the direct synthesis reaction, it must exhibit high H 2 selectivity towards H 2 O 2 , and if the H 2 O 2 produced during the direct synthesis process is to be subsequently used as an oxidant, the H 2 O 2 solution must be free of the halide and acid additives that Pd catalysts typically require in the reaction medium in order to achieve adequate activity and selectivity [4] [5] [6] [7] [8] [9] [10] . The addition of Au into Pd catalysts was shown to provide materials that were extremely active for the direct synthesis process [11] [12] [13] and yet still worked well in the absence of any acid and halide stabilisers. For a 2.5 wt% Au-2.5 wt% Pd/TiO 2 catalyst, a H 2 selectivity of >60% was observed, along with an activity of 64 mol H2O2 kg À1 cat h À1 [11] . More recently, we demonstrated that an acid pre-treatment of the catalyst support (TiO 2 or activated carbon) further significantly increased the activity and selectivity of the resulting supported AuPd catalyst [14, 15] . Most importantly, these acid-treated carbon-supported bimetallic catalysts were found to be inactive for the hydrogenation reaction (Scheme 1), which consumes H 2 non-selectively to form water [15] . This acid pre-treatment methodology was then applied to TiO 2 , and although some hydrogenation activity was observed over the acid-treated AuPd catalyst, it was considerably decreased as compared to that of the corresponding untreated catalyst [14] . Interestingly, for the 2.5 wt% Au-2.5 wt% Pd/TiO 2 catalyst, a calcination temperature of 400°C is required in order to generate a stable material and maintain a H 2 O 2 synthesis activity of 64 mol H2O2 kg
À1
cat h À1 on subsequent re-use [11] . In contrast, when the dried-only (25°C) material was evaluated for hydrogen peroxide synthesis, the measured activity was much higher, at 202 mol H2O2 kg À1 cat h À1 . Unfortunately, the activity of this material is not maintained on further use and deactivates as Au and Pd progressively leach from the catalyst. It is also important to follow the particular impregnation method precisely as slight deviations can also affect the resulting synthesis activity of a catalyst. For instance, the dissolution of Au and Pd precursors in excess water prior to the drying step generates a more active AuPd/TiO 2 catalyst after subsequent calcination at 400°C [16] . However, although more active, this latter material is, interestingly, unstable despite the heat treatment at 400°C. Scanning transmission electron microscopy (STEM) analysis of the catalyst showed little or no alloying between Au and Pd in this latter material, whereas previously a well-defined core-shell morphology was shown to exist [11] . It is crucial, therefore, that the preparation conditions, and particularly the heat treatment during the fabrication of the supported AuPd catalysts, is carefully controlled in order to obtain the most effective catalyst for the direct synthesis of H 2 O 2 . In this paper, we extend these studies and show that the heat treatment regimen of the acid pre-treated 2.5 wt% Au-2.5 wt% Pd/activated carbon catalyst is of fundamental importance in obtaining materials that both do not hydrogenate H 2 O 2 and are also fully re-usable.
Experimental

Catalyst preparation
Supported catalysts were prepared by incipient wetness impregnation of activated carbon (Aldrich G60) with aqueous solutions of PdCl 2 (Johnson Matthey) and/or HAuCl 4 Á3H 2 O (Johnson Matthey) as previously described [15] . The catalyst was dried (120°C, 16 h) and then portions of the material (0.2 g) were calcined at different temperatures in the range 200-400°C for 3 h. Two sets of supports were used: the activated carbon as-received, and the carbon was after being subjected to a pre-treatment of dilute HNO 3 in water (2%) for 3 h at ambient temperature, with stirring. The precise details of this acid pre-treatment have been given previously [15] .
Direct synthesis of H 2 O 2
Caution: These experiments involve high pressures. The catalysts were evaluated for the direct synthesis of hydrogen peroxide in a stainless steel autoclave (Parr Instruments) with a nominal volume of 100 ml and a maximum working pressure of 14 MPa. The autoclave was equipped with an overhead stirrer (0-2000 rpm) and provision for measurement of temperature and pressure. For the standard reaction conditions we have employed previously, the autoclave was charged with the catalyst (0.01 g), solvent (5.6 g MeOH and 2.9 g H 2 O), purged three times with 5%H 2 /CO 2 (0.7 MPa) and then filled with 5% H 2 /CO 2 and 25% O 2 /CO 2 to give a hydrogen to oxygen ratio of 1:2 at a total pressure of 4.0 MPa. Stirring (1200 rpm) was commenced on reaching the desired temperature (2°C), and experiments were carried out for 30 min. The H 2 
Catalyst characterisation
Temperature-programmed reduction was performed on a Thermo TPDRO utilising TCD detection. A sample of the fresh carbon and acid pre-treated carbon (0.1 g) was pre-treated at 120°C with argon for 3 h. Following this, helium was flowed over the sample (20 ml min
À1
) using a heating ramp of 5°C min À1 until a maximum temperature of 1000°C was reached. The gases evolved were monitored by an online thermal conductivity detector.
XPS measurements were made on a Kratos Axis Ultra DLD spectrometer using monochromatic Al Ka radiation (120 W source power). An analyser pass energy of 160 eV was used for survey scans, whilst 40 eV was employed for detailed regional scans. Samples were mounted using double-sided adhesive tape, and binding energies were referenced to the C(1s) binding energy of adventitious carbon contamination taken to be 284.7 eV.
Thermogravimetric analysis was performed on a Setaram TG-DTA. A sample of fresh carbon and acid pre-treated carbon (30 mg) was placed in an aluminium crucible and heated to 350°C at a ramp rate of 5°C min À1 under a nitrogen atmosphere. Mass variation, temperature and heat flow were measured using a microbalance.
Samples for TEM and STEM analysis were prepared by dispersing the dry catalyst powder onto a holey carbon film supported by a 300 mesh copper TEM grid. Samples were first subjected to bright-field (BF) diffraction contrast imaging and X-ray energy-dispersive spectrometry (XEDS) in a JEOL 2000FX TEM operating at 200 kV. They were further characterised in a JEOL 2200 FS STEM instrument operating at 200 kV and equipped with a CEOS probe corrector, using high-angle annular dark field (HAADF) imaging in order to detect any highly dispersed metallic species.
Results and discussion
Direct synthesis and hydrogenation of H 2 O 2
A series of Au, Pd and Au-Pd catalysts supported on activated carbon were prepared using wet impregnation. The activated carbon was either used pre-treated with aqueous HNO 3 prior to impregnation with the metals or was used by treatment with water in an analogous manner (i.e. treated without acid present) prior to deposition of the metals (this is referred to as untreated). The catalysts were calcined under static air at 200°C, 300°C and 400°C. These catalysts were then used for the direct synthesis of H 2 O 2 using our standard reaction conditions, and the data we generated are given in Table 1 . As we observed previously for the titania-supported catalyst [11] , the dried and uncalcined 2.5 wt% Au-2.5 wt% Pd/carbon (acid pre-treated) material showed the highest activity ð212 mol H2O2 kg À1 cat h À1 Þ for the direct synthesis reaction (Table 1) . When the activity of the used catalyst was evaluated, a decrease in activity of $50% to 101 mol H2O2 kg À1 cat h À1 was observed.
Increasing the temperature of calcination (200-300°C) resulted in a decreased synthesis activity; however, the used material, whilst still unstable, retains more of its initial activity on re-use ($70% when calcined at 300°C). When calcined at 400°C, the material has a specific activity of 160 mol H2O2 kg À1 cat h À1 on both first and second use. The hydrogenation activity of this same set of materials was determined (Table 1 ) and was also found to be dependant on calcination temperature. The dried 120°C material showed the highest hydrogenation rate of 736 mol H2O2 kg
À1
cat h À1 , which corresponds to 36% of the total H 2 O 2 being lost. However, increasing the calcination temperature decreases the hydrogenation rate, such that at 400°C the catalyst exhibits no hydrogenation activity. In order to investigate how temperature-specific this effect is, a small batch of the dried material was calcined at 350°C (i.e. between 300 and 400°C) and was still found to hydrogenate H 2 O 2 (hydrogenation rate 279 mol H2O2 kg
We previously showed [15] 
.1. Thermogravimetric analysis
The TGA analysis of the as received carbon (Fig. S1 ) and the acid pre-treated carbon (Fig. S2) show no differences between the supports, with both materials showing equal amounts of H 2 O loss (2.7%).
X-ray photoelectron spectroscopy
The bare acid pre-treated and untreated supports were analysed by XPS in an attempt to determine the origin of the different activities observed for the supported AuPd catalysts. The C(1s) and O(1s) spectra are shown in Figs. 1 and 2 for the 120°C supports before and after TGA analysis, indicating the functionality of the carbon remains the same on both carbons after thermal treatment up to 350°C. Somewhat surprisingly, no significant differences were observed between the untreated and acid pre-treated materials.
Temperature-programmed desorption
The temperature-programmed desorption (TPD) profiles presented in Fig. 3 for the untreated and acid pre-treated carbon supports show a clear difference in surface oxygen functionality related to the desorption of CO 2 . The signal at 180°C for the acid pre-treated sample implies an increase in the number of surface carboxylic acid (and hence -OH) groups [17] [18] [19] . The peak broadening, extending from approximately 240-350°C, suggests a further increase, albeit slight, in the number density of carboxylic groups as the temperature of the desorption correlates with acid strength. Minor peak features in the same region for the untreated carbon suggest that a baseline number of carboxylic groups exist prior to any treatment and that the acid pre-treatment is therefore effectively increasing the number of carboxylic acid surface groups [17, 20] .
In both desorption profiles, an increased response is observed at temperatures in the 400-700°C range. This is consistent with the desorption of carboxylic anhydrides and lactone/ether groups occurring at higher temperature. However, the desorption events observed at 700°C can be complicated by CO desorption, as well as desorption of CO 2 originating from the acid functional groups.
Characterisation of the carbon-supported AuPd catalysts
X-Ray photoelectron spectroscopy
Au-Pd catalysts supported on the untreated and acid pre-treated carbon, which had been calcined at a variety of different temperatures, were analysed by XPS. In our initial study [15] , we noted that there were no differences in the N region of the XPS for the acid pre-treated and the untreated samples, so we have therefore concentrated on other spectral regions in this work. The Pd(3d) spectra for the two series of catalysts are shown in Fig. 4 (untreated support) and Fig. 5 (acid pre-treated support) . Table 3 shows the quantified XPS data and in particular the molar surface Pd/Au ratios. For samples on the untreated carbon support, the Pd/Au ratio is relatively constant as a function of calcination temperature, having a value in the range 1.0-1.4; the molar ratio for a nominal 2.5 wt% Au-2.5 wt% Pd loading is 1.8. In contrast, the ratio for the catalysts supported on the acid pre-treated carbon show a significant increase in the Pd/Au ratio with calcination temperature. This observation could in principle reflect the formation of core-shell type particles although the detailed electron microscopy analysis presented later shows that this is not the case. Hence, we consider that the variation in Pd/Au ratio can be explained by changes in the relative sizes of the Pd and Au nanoparticles. The catalysts prepared on the untreated support exhibit both Pd 2+ and Pd 0 species, the relative proportions of which change little with calcination temperature (Table 3 ). In contrast, Pd 2+ species are predominant ()90%) on the catalysts prepared on the acid pre-treated support, for all calcination temperatures. This clearly represents an important difference between the two sets of samples, with the electronic state of the highly dispersed Pd being modified as a consequence of the acid pre-treatment of the support. The Cl(2p) spectra for the catalysts prepared on the untreated and acid pre-treated carbon are shown in Figs. 6 and 7 respectively. In this case, the Cl signal is a residue from the two metal precursors used to prepare the catalysts. At first sight, the sets of Cl(2p) spectra clearly involve more than one Cl(2p) doublet. Closer inspection reveals that the Cl(2p) spectra from the catalysts prepared on the as-received carbon comprise two (spin-orbit) 2p doublets, the relative intensities of which change with calcination temperature. However, for the acid pre-treated catalysts, three doublets are c Activity on re-use determined by recovering catalyst after first synthesis, drying in air at RT and then re-assessing activity under standard reaction conditions. Fig. 1 . C(1s) XP spectra observed for untreated (denoted NAW) and acid pre-treated (denoted AW) C supports before and after thermogravimetric analysis under nitrogen atmosphere. needed to describe the spectra (Fig. 7) . For each support, the higher binding energy doublet (corresponding to a more ionic, negatively charged Cl xÀ species) dominates after calcination at 400°C. Table 4 shows the quantified curve-fitted XPS data for the untreated samples presented in Fig. 6 .
Electron microscopy characterisation
The unused catalysts were studied using transmission electron microscopy in order to determine the Au and Pd distribution on the support as a function of calcination temperature. Representative bright-field TEM micrographs from acid pre-treated Au-Pd/C catalysts heat treated at different temperatures (dried at 120°C, calcined at 200°C, 300°C and 400°C) are shown in Fig. 8 . Occasional metallic particles between 30 and 100 nm in size were found in all samples, whilst the majority of the activated carbon support appeared devoid of metal particles in the bright-field TEM images. Energy-dispersive X-ray spectra that were acquired from the areas with and without visible particles are shown in Fig. 9 . Both Au and Pd were detected from the larger metallic particles (with the Au signal being pre-dominant), whereas only a Pd signal was detected in those support areas that were apparently devoid of metal particles. This suggested that the Au component of the catalysts was incorporated mainly in the nanoparticles, whereas most of the Pd existed in a highly dispersed form that cannot be seen using regular BF-TEM imaging. Fig. 10 shows representative STEM-HAADF images of the acid pre-treated Au-Pd/C catalysts that had been calcined at various temperatures. As expected, in all the samples, highly dispersed Pd metal species, namely sub-nm clusters and single atoms, were found everywhere on the activated carbon support. In comparison with the sample dried at 120°C, the population of sub-nm clusters seemed to get progressively lower as the calcination temperature was increased for this set of acid pre-treated samples. The calcination process appears to aid in dispersing the sub-nm clusters into dispersed atomically species. However, the differences between the morphology of samples with different calcination temperatures were rather subtle.
Representative STEM-HAADF images taken from the Au-Pd/C prepared on the untreated are shown in Fig. 11 . They appeared very similar to their corresponding acid pre-treated counterparts (Fig. 10) , indicating that the acid pre-treatment does not massively affect the morphology or distribution of the metallic species in these catalysts. A similar trend was noted as for the acid pre-treated Fig. 5 . Pd(3d) spectra observed for the 2.5 wt% Au-2.5 wt% Pd catalysts supported on acid pre-treated carbon and calcined at the temperatures indicated.
Table 3
Quantified XP data for the 2.5 wt% Au-2.5 wt% Pd/carbon catalysts; data are included for the both the untreated and acid-treated supports.
Molar ratios
Pd/Au (Pd + Au)/C (Â100) Cl/C (Â100) Pd 2+ (%) 6 . Cl(2p) spectra observed for the 2.5 wt% Au-2.5 wt% Pd catalysts supported on non-pre-treated carbon and calcined at the temperatures indicated. Fig. 7 . Cl(2p) spectra observed for the 2.5 wt% Au-2.5 wt% Pd catalysts supported on acid pre-treated carbon and calcined at the temperatures indicated. Table 4 Quantified curve-fitted data for the Cl(2p) spectra recorded for the catalysts prepared on the untreated C support (see Fig. 3 ). materials, in that the population density of sub-nm Pd species decreased with increasing calcination temperature, compared to the sample dried at 120°C.
As a baseline for this aberration-corrected microscopy study of the highly dispersed species in the AuPd/C samples, Fig. 12 shows representative STEM-HAADF images of the monometallic Au/C and Pd/C catalysts, calcined at 400°C. In the Pd/C sample, occasional nanoparticles (not shown), and numerous sub-nm Pd clusters and isolated Pd atoms were found in both the untreated and acid pre-treated samples, exhibiting a similar density to those found in their bi-metallic counterparts. For the Au/C sample, nanoparticles (not shown) and only a small fraction of isolated Au atoms were seen, but the number density of these isolated atoms was much lower than that found in the AuPd/C samples. We are unable to directly determine the chemical identity of the sub-nm species and isolated atoms in the AuPd/C bimetallic system using atomic level Z-contrast measurements, due to the rough nature of the support, which leads to complicating height variations between neighbouring metallic species. However, our studies on the monometallic samples give us helpful clues as to what is probably occurring in the bimetallic AuPd/C system. They show that the Pd tends to be more highly dispersed using this particular impregnation Fig. 9 . Energy-dispersive X-ray spectra of acid pre-treated AuPd/C catalysts: (a) particle -dried only, (b) support -dried only, (c) particle -calcined at 400°C, and (d) support -calcined at 400°C. The white circles indicate the areas from where the XEDS spectra were acquired. The unlabelled peak Si Ka at 1.74 keV is a fluorescence artefact from the Si(Li) X-ray detector, the intensity of which depends on the exact conditions (e.g. live-time) used during spectrum acquisition. ; (e and f) calcined at 300°C; (g and h) calcined at 400°C. These micrographs show two types of highly dispersed metal species, namely sub-nm clusters (circled in white) and isolated atoms (circled in black). The number of those sub-nm clusters tends to decrease with increasing calcination temperature.
route, but that there is most likely a very dilute concentration of atomically dispersed Au atoms intermixed within the atomically dispersed Pd species in the bimetallic system. In summary, electron microscopy studies have shown that the untreated and acid-treated Au-Pd/C samples calcined at 400°C contain Au-rich nanoparticles and a highly dispersed coverage of atomic and cluster-like Pd species, intermixed with a small amount of atomically dispersed Au. The calcination treatment appears to improve the overall metal dispersion, but the acid pre-treatment of the support does not seem to affect the morphology or dispersion of the metallic species in the catalysts. This suggests that the change of oxidation state of the Pd to >90% cationic Pd observed by XPS (Table 3) , associated with O 2À or Cl À , is the most important distinguishing feature between the acid pre-treated and untreated samples.
Comments on the structure activity relationships
There are two key observations that we make through these sets of experiments, namely the effect of calcination temperature on catalyst stability and on the hydrogenation activity. Calcination at 400°C is required for the supported AuPd/C catalysts to ensure they are stable during the hydrogen peroxide synthesis reaction. The acid pre-treatment has no influence on the optimal calcination temperature, although it is clear that the acid pre-treated samples are more affected by the calcination process with the dried material displaying a very high, but unstable, activity. Although a calcination treatment at 400°C is required to achieve stability, it is clear that the acid pre-treated samples are always more active than their untreated counterparts. Yet the metal dispersion and morphologies are essentially identical and so cannot be responsible for this phenomenon. The detailed electron microscopy measurements show that the calcination process improves the dispersion of the metals on the supports and this appears to be the key feature that governs the stability and re-usability of the catalysts, as well as the higher activity of the acid pre-treated samples at lower calcination temperatures. The XPS data additionally show that the nature of the Cl species changes significantly at calcination temperatures above 200°C, in a way which is similar for both the acid pre-treated and untreated sets of samples, which seems to indicate that there is an electronic modification that is associated with improved re-usability.
The reason for the dramatic switching-off of the hydrogenation activity for the acid pre-treated sample calcined at 400°C is much more difficult to explain at this time. A key difference is noted for the two supports before the metals are deposited, as the acid pretreated carbon clearly shows an enhanced concentration of surface carboxylic acid functional groups. These species may play a key role in the enhanced activity we observe for the acid pre-treated catalysts and may aid the dispersion of the metals during preparation. XPS of the untreated set of samples shows that the surface comprises ca. 60-70% Pd 2+ with 30-40% Pd 0 , whereas XPS of the acid pre-treated set of samples shows that at the limit of detection by this method, they comprise almost all Pd 2+ on the surface with virtually no Pd 0 being detectable for all samples. This feature may be the underlying cause of the enhanced activity observed with the acid pre-treatment method. The amount of Pd 2+ increased gradually with increasing calcination temperature for the water pretreated samples (Table 3) . It is therefore tempting to speculate that as the H 2 O 2 hydrogenation activity of this set decreases with increased calcination temperature, that hydrogenation is associated with the presence of residual Pd 0 in the samples. However, the XPS spectra of the acid pre-treated set are very similar for all calcination temperatures, and with the exception of the 400°C (c) Acid pre-treated Pd/C, calcined at 400°C Fig. 12 . STEM-HAADF images of the mono metallic Pd/C and Au/C catalysts calcined at 400°C, both untreated (a, b, e, and f) and acid pre-treated (c, d, g, and h). Sub-nm Pd clusters (circled in white) and isolated Pd atoms (circled in black) were found in the Pd/C samples, and their population densities are similar to those noted for their bimetallic AuPd/C counterparts. However, in the Au/C samples, only a low areal density of high intensity-isolated Au atoms was found in addition to the much larger gold nanoparticles.
calcined sample, they all hydrogenate H 2 O 2 . Hence, overall this evidence suggests that the Pd oxidation state may not the determining factor controlling the hydrogenation activity. Another key observation is that the acid pre-treated samples all have much higher surface Pd/Au ratios as compared with the untreated samples. However, it is clear that this has little to do with the observed effects on hydrogenation activity or catalyst re-usability as there are no significant differences between the samples calcined at 200 and 400°C in either set of samples. This enhanced surface Pd concentration, which is primarily present as Pd
2+
, may be another important parameter associated with the high activity of the acid pre-treated samples. Hence, with these samples we were unable to unequivocally identify the crucial feature responsible for switching off the hydrogenation of H 2 O 2 , but there are definite indications that the surface oxidation state of Pd is an important factor.
We have therefore conducted an additional set of experiments that attempt to determine the origin of this effect. For these studies, we selected a sample prepared on the acid pre-treated carbon support that showed high activity, but had some residual hydrogenation activity. We achieved this through manipulation of the initial impregnation procedure as we have described previously [16] . We then subjected this sample to a series of reduction treatments and measured the catalytic performance of the reduced samples. The data are set out in Table 5 , with entry 1 being the starting point for this sequence of experiments. We selected a sample with some hydrogenation activity for these experiments as we wanted to determine whether the hydrogenation could be either positively or negatively influenced by a reduction treatment. Reduction of this sample (Table 5 , entries 2-5) shows that as the duration and temperature of the reduction step are increased, the production activity of H 2 O 2 decreased and the hydrogenation of H 2 O 2 increased markedly. We then took the sample from entry 5 and reoxidised it. After re-oxidation, we observed the reverse trends on H 2 O 2 formation and hydrogenation.
A series of STEM-HAADF images from this sequential set of reduction and oxidation samples are shown in Fig. 13 . The starting point (Fig. 13a) was the 2.5 wt% Au-2.5 wt% Pd catalyst supported on acid pre-treated carbon that had been calcined at 400°C for 3 h, which showed predominantly atomically dispersed Pd species intermixed with a small number of Au atoms (as noted previously in Fig. 10g and h ). When this sample was heated in O 2 for 3 h (Fig. 13b) , there was no observable change in the atomic dispersion of Pd and Au. Conversely, when the starting sample was reduced in 5%H 2 /Ar for 2 h, the majority of the atoms were found to have gathered up into 0.5-2.0 nm diameter metallic clusters as shown in Fig 13c. Upon re-oxidation of this reduced sample in O 2 for 3 h, the cluster morphology was largely retained (Fig. 13d) , although presumably the particles were now more oxidic in character.
The corresponding Pd(3d) XP spectra for this set of samples are shown in Fig. 14 . The Cl(2p), Au(4f) and O(1s) spectra showed no significant changes in profile (see Supplemental data, Table S1 ). However, quantification shows that at a reduction temperature of 200°C, the Pd/Au ratio decreases dramatically from ca. 3.9 to 1.3 due to an increase in the Au intensity. Re-oxidation leads to a small increase in the Pd/Au ratio to ca. 1.6 (see Supplemental data, Table S1 ). These effects are consistent with the activity of the catalyst, and as we have previously indicated, this Pd/Au ratio is important in controlling the formation of H 2 O 2 , since the more Pd present on the surface, the higher the catalyst activity. Hence, Pd is the crucial component of this catalyst with respect to H 2 O 2 synthesis. However, as the catalysts are reduced, the amount of Pd 0 is expected to increase. The Pd(3d) spectra were analysed to deduce the Pd 2+ and Pd 0 content. These were obtained through curve-fitting of the Pd(3d) spectra, although the process was complicated by the presence of the Au(4d 5/2 ) component under the Pd(3d) envelope. This is a particular problem here due to the significant surface gold content for the reduced and re-oxidised samples. Strict parameter constraints had to be used, some dependent on the estimated values for the metal-oxide binding energy shift and the magnitude of the Au(4d) spin orbit splitting. The increase in Pd 0 is most notable for the sample in entry 5, which shows the highest hydrogenation activity; after this sample was re-oxidised, the concentration of Pd 0 decreased as shown in Fig 15 
